[1] Recent modeling results have indicated that, in general, idealized homogeneous spheroidal models of ice crystals and snowflakes cannot consistently describe radar backscattering from snowfall when the radar wavelengths are on the order of the snowflake size. In this paper, we provide empirical evidence supporting this prediction by analyzing collocated airborne radar measurements at 13.4 GHz, 35.6 GHz and 94 GHz. The analysis is performed by applying a recently developed method making use of two simultaneously measured dual-frequency ratios, allowing one to distinguish between the multifrequency backscattering behavior of detailed aggregate snow models and that of homogeneous spheroids. We demonstrate that in some naturally occurring cases, detailed snowflake models, which account for their complex structure, are required to describe backscattering by these particles in a manner that is consistent over multiple wavelengths. This implies that the spheroidal approximation is not always adequate as a snowflake shape model in radar retrievals at this wavelength range.
Introduction
[2] Remote sensing measurements are the only practical means of achieving a global coverage of precipitation observations, especially over the oceans and sparsely populated areas such as the polar regions. Snow constitutes a large percentage of surface precipitation in these areas, and is also commonly found at higher altitudes closer to the equator.
[3] The interpretation of remote sensing results depends on the model of the radiative properties of the scatterers. In rain, aerodynamic forces cause the raindrops to settle at a relatively steady, smooth shape that is well defined as a function of raindrop size, and typically modeled as a homogeneous spheroid with a constant density. On the other hand, it has been recognized (Magono and Nakamura [1965] and many later studies) that a size-independent density is not a physically sound assumption for snowflakes because of the rigidity of ice and the nature of the snow formation processes. As a consequence, homogeneous "soft" spheroids (or, more simply, spheres) with a size-dependent density, which reflects the mixing of ice and air inside the spheroid, are widely used as shape models for computing and interpreting microwave scattering by snow and cloud ice particles [e.g., Bohren and Battan, 1980; Korolev and Isaac, 2003; Matrosov, 2007; Austin et al., 2009; Hogan et al., 2012] . Figure 1 illustrates the typical correspondence between the snowflake and the equivalent spheroid.
[4] Several recent studies using accurate electromagnetic scattering models with detailed, physically based shapes [Ishimoto, 2008; Botta et al., 2010; Petty and Huang, 2010; Tyynelä et al., 2011] have questioned the validity of the spheroidal model for radar frequency backscattering by snowflakes. They have argued that the complex structure of snowflakes has a major effect on the backscattering at wavelengths close to the particle size (the "resonance region" [van de Hulst, 1957] ), implying that a bulk property such as the density may not be applicable when modeling large snowflakes.
[5] For particles that are much smaller than the wavelength, the scattering is well defined in terms of the particle volume, even for complex shapes, by the Rayleigh approximation (with corrections for nonsphericity provided by Gans theory [see van de Hulst, 1957] ). This might suggest that long wavelengths should be used to circumvent the problem of particle complexity, but the ability to quantify the backscattering also at the resonance region remains important to radar applications for two major reasons. First, in satellite radar systems, achieving a good sensitivity requires the use of wavelengths that are on the order of the typical hydrometeor size, such as K u and K a bands (approximately 22 mm/8.4 mm or 13.4 GHz/35.6 GHz) for the Global Precipitation Measurement core satellite [Hou et al., 2008] , or W band (3.2 mm or 94 GHz) for CloudSat [Stephens et al., 2008] . Secondly, dual-frequency retrievals employing at least one frequency in the resonance region have been identified as a good method for constraining the size estimates of ice crystals and snowflakes [Matrosov, 1993; Hogan et al., 2000; Liao et al., 2005] . Furthermore, as the attenuation for dry ice is significantly smaller than that of liquid water (which may also be present in ice clouds in supercooled form), radar retrievals of snow properties cannot rely on the (differential) attenuation at these frequencies, as done for liquid precipitation. By the same token, however, the correction for attenuation effects, while still relevant, is not nearly as critical. It follows that retrieval of snow properties from radar measurements hinges primarily on the correct modeling and interpretation of backscattering cross-sections.
[6] So far, it has remained open whether, and to what degree, the nonspheroidal behavior affects radar observations. Even though the spheroidal models have a much smaller number of free parameters than the detailed aggregate models, that number (including the number of size distribution parameters) is still higher than the typical number of simultaneously observed radar variables. Thus, radar observations can typically be explained by several different combinations of parameters, and without simultaneous radar and in situ measurements it is difficult to verify which, if any, of these parameters are physically correct. The number concentration of particles, in particular, varies naturally over several orders of magnitude. Since the radar reflectivity scales linearly with the concentration, little can be interpreted about the size and shape of the particles from a single reflectivity measurement without in situ data. As a matter of fact, all the existing so-called Z-S (i.e., radar reflectivity at a certain frequency vs snowfall rate) relationships have been derived empirically by regressing radar observations against in situ measurements, and they are valid only if the same climatological conditions and microphysics (whatever they may be) apply. On the other hand, using the in situ measurements is complicated by the fact that current operationally usable particle imagers and disdrometers cannot capture the full three-dimensional structure of the particles, nor can they make measurements over the full vertical profile. The analysis of coordinated aircraft in situ and radar measurements by Hogan et al. [2012] supported the validity of the spheroid model for one snowfall case with reflectivity values lower than 10 dBZ. Because of these results and theoretical support for the spheroidal model for small snowflakes, we expect the effects arising from nonspheroidal shapes to be relevant only for snowflakes that are roughly the size of the radar wavelength or larger.
[7] An approach to the verification, using radar-observable quantities only, was discovered by Kneifel et al. [2011] , who found that when backscattering is computed at three different frequencies (e.g. K u , K a and W bands) and the dualfrequency ratios (DFR) compared (e.g. by plotting DFR Ku/Ka and DFR Ka/W ), the DFRs of some realistic shape models occupy regions of the DFR-DFR plane that are distinguishably different from those associated with the spheroidal shapes. This permits one to distinguish between these particle models without additional in situ measurements of the particle size distribution (PSD) or other parameters. Such identification is possible mainly because DFR, as a ratio of two measurements, eliminates linear scaling factors such as the number concentration, and thus conveys information about the size and shape. Simultaneous use of three frequencies was also found by Gaussiat et al. [2003] to be useful for ice clouds.
[8] In this article, we apply the triple-frequency approach on measured data from the Wakasa Bay experiment and compare the results to models. In some cases, the physically based aggregate models are required to explain the measured data, while in others, the spheroidal models can be fitted to the observed behavior.
Modeling
[9] We used results for various shapes and computational approaches to demonstrate the triple-frequency behavior of various particle models. The equivalent radar reflectivities (Z e ) at each frequency were calculated by obtaining the Figure 1 . The typical relation between a real snowflake and the equivalent spheroid. The snowflake is a fernlike-crystal aggregate generated by Tyynelä et al. [2011] .
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backscattering cross section as a function of the maximum particle size D, and then integrating these over a PSD N(D):
where l is the wavelength, s is the backscattering cross section, and K w = (m w 2 À 1)/(m w 2 + 1) is the (wavelengthdependent) dielectric factor computed from the refractive index of water, m w . DFR is defined as the ratio of reflectivities at two different frequencies. We used the normalized gamma PSD [Bringi and Chandrasekar, 2001] 
with the intercept parameter N w , median volume diameter D 0 and shape parameter m. The latter parameter allows the gamma form to model the change in the shape of the distribution, in contrast to the exponential distribution that corresponds to m = 0. Note that Delanoë et al. [2005] found that a different form of the gamma distribution may work slightly better for small ice particles; its applicability for the large ice aggregates we consider here is, however, unclear.
[10] For the model based on homogeneous spheroids, we computed the backscattering cross sections with the T-matrix method [Mishchenko, 2000] , and integrated these over different PSDs according to (1) to obtain the reflectivity. An advantage of the spheroidal model is that its relatively small number of free parameters, together with the high computational speed of the T-matrix method, allows us to cover essentially the entire space of realistic PSD, shape, density and orientation parameters. Thus, we can expect to be able to generate practically all possible DFRs that are obtainable by using the spheroidal snowflake model.
[11] The modeling approach and parameters for the spheroids were adopted from the results by Leinonen et al. [2011] : to calculate the DFRs, the radar reflectivity was simulated at a large number of different parameter combinations, sampled uniformly from realistic ranges that were based on the natural variability of the parameters. For the PSD, the parameter ranges were 0.05 mm < D 0 < 8.0 mm and À1 < m < 4 [e.g., Lo and Passarelli, 1982; Liao et al., 2005] . N w was ignored since it is eliminated when calculating the ratio of two reflectivity values from the same target. The spheroid shapes were limited to oblates with aspect ratio 0.4 < < 0.8; single ice crystals may have smaller aspect ratios, but the focus of the present study is on larger particles (i.e. aggregates) whose aspect ratios should be within this range. Snowflakes were assumed to be partially aligned with the standard deviation of the canting angle varying between 0 < s b < 40 [Korolev and Isaac, 2003; Matrosov, 2007; Huang et al., 2010] . It was confirmed that there is only negligible impact on the results from also using completely random orientation alongside the partially aligned orientation distributions.
[12] The mass-dimensional relations used for the spheroids were m = 0.0022D 2.0 (where m is in grams and D is in centimeters) from Mitchell et al. [1990] , m = 0.0027D 1.5 derived from the results of Magono and Nakamura [1965] by Fabry and Szyrmer [1999] , and
from Matrosov [2007] . We note that the former two relations were applied also outside of the diameter range at which they were derived, but the results given by them do not seem to differ significantly from those given by the latter; this does not seem to have a significant negative effect. We also included two other m-D relations in the calculations of this paper: a constant r = 0.4 g cm À3 to represent dense graupel, and m = 0.0036D 1.57 that was found for the model-produced fern aggregates of Tyynelä et al. [2011] . The latter was included to verify that the differences between spheroids and aggregates are not simply due to differences in the massdimensional relations. These examples do not completely include the natural variability of m-D relations, especially over short time in individual snowfall cases. Still, the variability in the DFR-DFR space due to the m-D relations can be expected to be covered because we included relatively extreme examples (the dense graupel and the fluffy aggregates of Tyynelä et al. [2011] ), and the DFR-DFR results are relatively insensitive to them.
[13] The backscattering cross sections for ice crystal and aggregate shapes were compiled from a number of different sources. Results for individual ice crystals were derived from the database by Liu [2008] , and those for individual aggregates from the computations by Petty and Huang [2010] . For these, the backscattering cross sections were available as a function of D (up to 10 mm, but for the crystals we only used sizes up to 5 mm as larger sizes are rather unrealistic), and the reflectivity could be computed directly from (1). For the m-D relations of these, we refer the reader to Table 1 of Kneifel et al. [2011] . Additionally, we used the computations for an ensemble of differently sized aggregate models by Tyynelä et al. [2011] (we used both the fernlike-crystal and the stellar-crystal aggregates presented in that paper). The backscattering cross section was not uniquely available for these particles, because there were very large differences between the cross sections of individual snowflakes of similar size and mass. We derived the relation between cross section and size by averaging several similarly sized particles and interpolating between the data points thus obtained.
[14] The PSD parameter ranges used for the crystals and the aggregates were the same as those for the spheroids, with two exceptions: a minimum of D 0 = 2 mm was used for the Tyynelä et al. [2011] snowflakes, because no particles with D ≲ 1 mm were available; likewise for the crystals of Liu [2008] , D 0 was limited to a maximum of 3 mm because of the maximum size of 5 mm. Unlike with the spheroids, the backscattering cross sections for the crystal and aggregate particles were not available for several different orientation distributions. Instead, the values by Liu [2008] and Petty and Huang [2010] had been obtained by averaging over a uniform orientation distribution, while those by Tyynelä et al. around that axis. This is probably more realistic as there is ample evidence from polarimetric measurements indicating that snow crystals and their aggregates are usually oriented aerodynamically [e.g., Matrosov et al., 2012; Hogan et al., 2012] . The modeling geometry was identical to the vertically pointing radar of our experimental dataset.
[15] The DFR Ku/Ka À DFR Ka/W plot for all model particle types is shown in Figure 2 . It can be seen that the values obtained for the spheroids cover only a fairly compact region of the DFR-DFR space; in other words, DFR Ku/Ka and DFR Ka/W constrain each other quite effectively. Since we covered such wide ranges of parameters, we can expect that nearly all observations from snowflakes adhering to the softspheroid model should be contained within this region (before biases due to measurement errors, attenuation etc.). On the other hand, we cannot cover the full range of DFR values allowed by the detailed crystal and aggregate models, of which there are only a limited sample from the vast range of possibilities. Still, it is clear that the behavior of some of those particles, most notably the dendrite aggregates of Petty and Huang [2010] , is notably different from that of any of the spheroids. Consequently, a comparison of triple frequency radar measurements with these modeling results can be used to rule out behavior allowed by the spheroidal shape model, and accordingly used to identify nonspheroidal effects in backscattering. In contrast, we note that even if actual spheroidal shapes were present, they cannot be positively identified using this method. The behavior of some detailed particle models could be similar to that of the spheroids; indeed, this is demonstrated by the needle aggregate of Petty and Huang [2010] in Figure 2 . Such aggregates might be an alternative explanation (besides actually spheroidal particles) for the high DFR Ka/W , over 10 dB, that is sometimes observed in snow [e.g., Matrosov, 2011] .
Experiments
[16] Relatively few experiments have provided simultaneous radar observations of snowfall at more than two frequencies. One such source is the 2003 Wakasa Bay field campaign conducted around Japan (Sea of Japan and northwest Pacific Ocean), where a NASA P-3 aircraft operated the K u /K a -band Airborne Second Generation Precipitation Radar (APR-2) [Sadowy et al., 2003 ] and the Airborne Cloud Radar (ACR) [Sadowy et al., 1997] . APR-2 was designed to be an airborne prototype for the GPM radar; it scans cross-track between AE25
so that the K u -and K a -band beams are always coaligned. ACR was designed to be an airborne prototype for the CloudSat radar and points at nadir.
[17] We collocated the nadiral measurements from APR-2 and ACR to produce comparable data. To reduce errors caused by mismatching, the radar images were softened with Gaussian blurring, effectively resulting in roughly 60 m vertical resolution and 800 m horizontal resolution. The APR-2 data had also been quality controlled to remove errors caused by saturation and quantization in the K u -band receiver; this worsened the minimum detectable reflectivity to roughly 5 dBZ.
[18] The maximum calibration difference of the APR-2 radars has been determined to be AE1.5 dB from comparisons in regions where Rayleigh scattering is expected [Tanelli et al., 2004] ; these radars were externally calibrated using the ocean normalized radar cross section (NRCS) after correction for gaseous attenuation [Tanelli et al., 2006] . ACR calibration was assessed by consistency of the W-band NRCS observations with the collocated K u -and K a -band measurements and available models of surface backscattering [e.g., Wu, 1990] . ACR has also been found to compare favorably to other W-band radars [Li et al., 2001] . In principle, the relative calibration of the APR-2 and ACR radars could be validated by comparing the reflectivity at cloud tops, where the particles are small and thus the backscattering obeys the Rayleigh law, but unfortunately the APR-2 radar is not sensitive enough to detect the areas where the W-band scattering is in the Rayleigh regime. In both radars, the calibration levels are tracked via an internal loop so that drifts are compensated; intermittent deterioration of the calibration loop occurred during the Wakasa Bay experiment, but the data presented here are from portions of the experiment where such problems were not present.
[19] As the triple-frequency approach is somewhat prone to errors induced by attenuation, especially at the W band, correcting for attenuation required special attention. Unfortunately, the attenuation can be difficult to quantify for several reasons, including uncertainty in the composition of the snowflakes, and the additional attenuation by atmospheric gases and liquid water. Furthermore, Matrosov and Battaglia [2009] suggested that a significant part of the radar signal lost through attenuation may be returned by [Liu, 2008] and aggregates (green lines) [Petty and Huang, 2010] , the aggregate ensemble (blue dots) [Tyynelä et al., 2011] and spheroids (gray dots) . The black lines correspond to m = 0: the dashed line for spheroids with an axis ratio of 0.6 and the size-density relation by Matrosov [2007] , the dash-dot line for graupel-like spheroids with an axis ratio of 0.8 and r = 0.4 g cm À3 , the solid line for the aggregate ensemble, and the dotted line for the average of the dendrite aggregates. The thick gray lines enclose an area containing 90% of the spheroids in our dataset; in order to reject outliers, they exclude the smallest and biggest 5% of DFR Ka/W at each DFR Ku/Ka .
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multiple scattering; however, two factors allow us to ignore multiple scattering effects in the first approximation: first, given our focus on low-density ice particles, we are not exposed to the scenarios most likely to generate significant multiple scattering; second, given that the volumes of interest lie at less than 5 km distance from the aircraft, the corresponding radar volumes are roughly 70 m wide, hence significantly depressing multiple scattering contributions [Kobayashi et al., 2005] .
[20] For K a -and W-band attenuation caused by the snow itself, the dual-frequency correction given by Leinonen et al. [2011] was used. While this approach is based on a soft spheroid snowflake model, it can be expected at least to mitigate the attenuation effect. Attenuation by atmospheric gases (depending on the altitude and temperature, 0-0.6 dB km À1 two-way at the W band, 0-0.2 dB km À1 at the K a band and negligible at the K u band) was corrected by estimating it with an approximation of the ITU-R P.676-8 model for an atmosphere saturated with respect to water vapor, assuming that the temperature varies linearly with altitude between the temperature measurement at the aircraft and 0 C at the ocean surface.
[21] Supercooled cloud liquid water (CLW) is a less tractable source of attenuation than those mentioned above.
It can potentially cause large amounts of attenuation, but is difficult to estimate as its backscatter signature is typically weak compared to (and in any case indistinguishable from) that due to snow and ice. We did not attempt to correct for this type of attenuation; instead, we sought to select cases where CLW is not present in significant amounts. We selected the data such that there were gaps with little or no clouds or precipitation (as identified from the ACR data). This allowed us to obtain a reference value of surface backscattering, defined as the highest reflectivity value in the ocean surface echo, at those gaps (we note that this simple approach is only usable when the aircraft altitude and attitude are nearly constant throughout the measurement period, as was the case here). From these points, the reference surface echo was linearly interpolated to the areas under clouds and precipitation, and by comparing this value to the measured ocean surface echo, an estimate of the two-way path integrated attenuation (PIA) was obtained. This, in turn, was compared to the PIA estimate of the attenuation correction algorithm. This approach is a simplified version of the surface reference techniques used with TRRM and CloudSat [Meneghini et al., 2000; Haynes et al., 2009] . We only accepted cases where the K a -band PIA was low (≲1 dB two-way, indicating a liquid water path smaller than approximately 0.5 kg m
À2
) and where 
Results
[22] From the Wakasa Bay data, we selected five narrow columns, labeled as cases A-E in Figures 3 and 4 , for detailed study. Figures 5-9 present the DFR Ka/W À DFR Ku/Ka scatterplots generated from each case, as well as reflectivity scatterplots that show the overall radar backscattering signal level, and illustrate the noise level and the accuracy of the data matching.
[23] The shapes of the DFR Ka/W À DFR Ku/Ka relations in each case demonstrate considerable differences between the experimental cases, but in general, there is a tendency toward faster increase of the K u /K a -band DFR as a function of the K a /W-band DFR, a behavior similar to that seen in the models. At sufficiently large DFR Ka/W , the relation between DFR Ka/W and DFR Ku/Ka reaches a point where DFR Ku/Ka varies significantly while DFR Ka/W changes little, corresponding to a near-vertical line on our plots. The point where this saturation is reached varies between the cases. In cases A and B, it occurs at approximately DFR Ka/W ≈ 7 dB, and the shape of the relation is in good agreement with the aggregate snowflake models. In cases C and E, the saturation seems to be reached at DFR Ka/W ≈ 13 dB. In these cases, the data behaves in a manner that is more consistent with the homogeneous spheroids, indicating that, unlike in the other cases, the data could be interpreted consistently in terms of the spheroid shape approximation.
[24] We chose these particular cases based on the performance of the attenuation correction, and in order to focus on the differences between them from the triple-frequency perspective; we emphasize that they do not constitute a climatologically representative sample. The scientific motivation for selecting these particular cases was as follows. Case A (Figure 5 ) conforms closely to the aggregates of Tyynelä et al. [2011] , and even without attenuation correction (as shown by the gray dots in the figure), its DFR Ka/W À DFR Ku/Ka relation is clearly outside the range allowed by spheroidal snowflakes. Case B demonstrates that similar behavior can also occur at low reflectivity; furthermore, the attenuation in that case is negligible, which shows that the effect is not an artifact caused by attenuation. The data from cases C and E are in good agreement with the lines produced by the spheroid-snowflake model, and thus those cases were selected to note that in some cases, the behavior can be consistent with that predicted by the use of spheroids. Case D seems to have an interesting transition from spheroid-like to aggregate-like behavior, and also shows that attenuation can sometimes artificially shift the DFR data from the aggregate regime to the spheroid regime.
[25] The sample sets are large enough that any random errors related to measurement or matching can be expected to be averaged out, and merely to widen (blur) the observed distribution of data points. However, possible systematic errors that might introduce bias into the results need to be considered.
[26] With regard to possible calibration errors and other biases, we note (in addition to the description of the calibration given in section 3) that it can be seen from Figure 2 that the range of possible DFRs is fairly small when DFR Ka/W ≲ 5 dB. The data of case D, as well as A and E to a lesser degree, seem to converge to the model values in this regime, indicating that there are no significant calibration errors present. The DFR Ka/W in cases C and E is also near the extreme values permitted by the spheroidal model, which suggests that DFR Ka/W is at least not negatively biased. Such negative bias would be required in order for measurement error to produce spurious aggregate-like behavior (positive bias would have the opposite effect); thus the observed nonspheroidal behavior of cases A and B is highly unlikely to have been caused by calibration bias. Furthermore, any bias would cause a constant shift in the DFR Ka/W À DFR Ku/Ka space, having no effect on the shape of the relation; in cases A and C, the DFR Ka/W À DFR Ku/Ka relation cannot be aligned with that predicted by the spheroids with such a simple shift. [27] Biases can also be introduced by miscorrected attenuation. As described in section 3, the attenuation correction was constrained such that PIA at the ocean surface was correct within approximately 1 dB. Since PIA reaches its maximum value at the surface, the error of the attenuation correction at higher altitudes can also be expected to be within roughly 1 dB, which is not significant enough to alter our main conclusions. Additionally, as can be seen from Figures 5-9, attenuation correction shifts DFR Ka/W toward lower values, i.e. to the left in our plots (this is because the attenuation is always highest at the W-band). This implies that the uncorrected values of DFR Ka/W should be considered as the maximum possible, and in cases A and B, even these are outside the range that is allowed by the spheroidsnowflake model. Thus, attenuation can also be ruled out as the cause the shape of the DFR Ka/W À DFR Ku/Ka relation incases A and B, allowing us to conclude that this behavior is indeed due to snow microphysics.
Summary and Conclusions
[28] It was previously suggested by Kneifel et al. [2011] that the use of two different dual-frequency radar reflectivity ratios allows one to separate between different types of ice and snow particles. In this article, we have used this approach to investigate the applicability of spheroid shape models and detailed snow particle models to describe backscattering from snowflakes.
[29] The small number of free parameters of the soft spheroid snowflake model allows us to cover practically all possible coincident DFR values permitted by that model. These values are found exclusively in a relatively compact area of the DFR Ka/W À DFR Ku/Ka plane. Notably, DFRs from two of the five experimental cases analyzed in this paper (A, B) are significantly better explained by the aggregate models; the spheroid-snowflake model cannot explain the multifrequency backscattering consistently in these cases using any realistic combination of free parameters. In cases C and E, the spheroids can explain the backscattering, showing that the nonspheroidal models are not always required for consistency over multiple wavelengths. Most of case D was consistent with the spheroids, except for a tail extending outside the spheroid regime. We note, however, that as the agreement between radar and in situ measurements was not investigated in this study, the physical correspondence of the model particles and the actually measured ones cannot be guaranteed even in cases C and E. Indeed, it has been shown by Nousiainen et al. [2011] that spheroidal shape models can often be fitted to observations from physically incompatible scatterers. On the other hand, we speculate that riming could smoothen the features of snowflakes and thus effectively make them more spheroidal.
[30] The modeling results show that there should not be large differences between spheroids and aggregates when DFR Ka/W ≲ 5 dB and, consistently with this prediction, the experimental data do not deviate from the spheroid assumption in that range. That threshold could potentially be used as a sufficient condition for the validity of the simple spheroid shape models, although a further analysis using a larger dataset should be carried out to investigate this hypothesis.
[31] The inability of the soft spheroid model to explain some of the experimental results suggests that homogeneous spheroids with an effective medium approximation cannot be used as a universal snowflake model of backscattering by snowflakes while retaining consistency over multiple wavelengths. This supports the findings by Petty and Huang [2010] and Botta et al. [2011] , who arrived at similar conclusions using modeling results.
[32] Two immediate questions arise as a consequence of the results. First, the soft spheroid model is known to apply at the Rayleigh scattering limit, and has been fairly successful in practice also at higher frequencies. What exactly, then, are the limits of the applicability of the spheroid model? Secondly, the spheroid model has relatively few free parameters, a desirable feature that it does not share with the complex, more realistic models. But can the realistic models be simplified in order to facilitate solving the inverse problem of inferring the properties of the snowflakes from radar observations? In order to answer these questions, simultaneous measurements with multifrequency radar and in-situ observations of various snowfall types within the same atmospheric volume are urgently needed. To support the snowflake modeling efforts properly, it is vital that the in-situ observations include the distinct 3D structure and density of the snow particles in addition to the size distribution.
